The structure of even-even neutron-rich Ru, Mo, Zr and Sr nuclei in the A ≈ 100 mass region is studied within the interacting boson model (IBM) with microscopic input from the self-consistent mean-field approximation based on the Gogny-D1M energy density functional. The deformation energy surface in the quadrupole deformation space (β, γ), computed within the constrained HartreeFock-Bogoliubov framework, is mapped onto the expectation value of the appropriately chosen IBM Hamiltonian with configuration mixing in the boson condensate state. The mapped IBM Hamiltonian is used to study the spectroscopic properties of 98−114 Ru, 96−112 Mo, 94−110 Zr and 92−108 Sr. Several cases of γ-soft behavior are predicted in Ru and Mo nuclei while a pronounced coexistence between strongly-prolate and weakly-oblate deformed shapes is found for Zr and Sr nuclei. The method describes well the evolution of experimental yrast and non-yrast states as well as selected B(E2) transition probabilities.
I. INTRODUCTION
The study of collective excitations and the associated shapes in nuclei with mass number A ≈ 100 is receiving lately considerable attention in nuclear structure physics [1] . As a consequence of the subtle interplay between single-particle and collective degrees of freedom, nuclei in this region of the nuclear chart display a large variety of intriguing phenomena. Several experimental [2] [3] [4] [5] [6] [7] [8] and theoretical [9] [10] [11] [12] [13] [14] [15] [16] [17] studies have already been reported on the structure of those nuclei. In particular, the rapid structural change around the neutron number N = 60 has been carefully studied in Zr and Sr isotopes [2, 7, 12, 14, 15, [18] [19] [20] . This mass region is also characterized by the competition between different low-lying configurations based on different intrinsic deformations, i.e., shape coexistence [1, 7, 8, 12, 14, 20] .
Both the nuclear shell model (SM) [21] and the energy density functional (EDF) [22] frameworks are among the most popular theoretical tools used to describe the structure of medium-mass and heavy nuclei. On the one hand, the SM calculations encode the most important correlations for the considered nuclei and provide access to their spectroscopic properties. However, for open-shell systems, the dimension of the SM Hamiltonian matrix becomes exceedingly large making its diagonalization prohibitively expensive. On the other hand, the EDF scheme [22] [23] [24] yields a global description of nuclear matter and bulk nuclear properties. Within this context, the evolution of the nuclear shapes around A = 100 has been studied using self-consistent mean-field (SCMF) approximations based on different parametrizations of the Skyrme [25] and Gogny [7, 12] as well as relativistic [14, 15, 26] EDFs. However, in order to access the excitation spectra and transition rates within the EDF scheme, one needs to go beyond the mean-field level to include dynamical correlations associated with the restoration of the broken symmetries and/or the fluctuations in the collective coordinates. Such a task is usually accounted for via symmetry-projected configuration mixing calculations within the Generator Coordinate Method (GCM) framework [22, 24, 27, 28] . However, symmetry-projected GCM calculations are also computationally demanding in the case of heavy nuclear systems, especially when several collective coordinates (quadrupole, octupole, pairing, etc) have to be taken into account as generating coordinates.
In this work, we resort to an alternative approach, which is based on mapping the considered EDF into an algebraic model of interacting bosons [29] . Our starting point is the (constrained) SCMF approximation that provides the corresponding microscopic energy surface as a function of the relevant deformation parameters. Such a surface is subsequently mapped onto the expectation value of the interacting boson model (IBM) [30] Hamiltonian computed with the boson condensate state. The parameters of the IBM Hamiltonian are determined from such a mapping procedure. The resulting IBM Hamiltonian is then used to obtain the excitation spectra and electromagnetic transition rates. The method allows a computationally feasible as well as quantitative description of the low-energy collective excitations. It has already been applied to study the quadrupole [29, [31] [32] [33] and octupole [34] modes in atomic nuclei as well as to describe shape coexistence phenomena [35] [36] [37] . In the present study we extend the method of Ref. [29] to study the challenging structural evolution and shape coexistence in neutron-rich nuclei with A ≈ 100. The nuclei 92−108 Sr, 94−110 Zr, 96−112 Mo and 98−114 Ru have been taken as a representative sample. The phenomenologi-cal IBM framework has been applied to describe some of those nuclei in the past [10, 11, [38] [39] [40] [41] . However, even when several attempts have been made [4, 10, 11] to extrapolate the IBM scheme to unknown regions of the periodic table, in most of the cases the model has not been extensively used to predict the properties of exotic nuclei. Within this context, one of the main advantages of our method over the conventional phenomenological IBM approaches is that, it predicts the properties of unexplored nuclei based only on the underlying microscopic EDF framework. Our SCMF calculations are based on the Gogny-D1M [42, 43] EDF. Previous studies [44] [45] [46] [47] [48] have shown, that the parameter set D1M essentially keeps the same predictive power of the more traditional Gogny-D1S [49] EDF regarding a wealth of low-energy nuclear structure properties while improving the description of the nuclear masses [43] . The Gogny-D1M EDF has also been applied to the study of nuclei, including the oddmass ones, in the A ≈ 100 mass region [3, 4, 12, 13] .
The paper is organized as follows. In Sec. II we briefly outline the theoretical framework used in this work. The results of our calculations are presented in Sec. III where, we discuss the deformation energy surfaces and the IBM parameters derived from our mapping procedure. In the same section we consider the evolution of the low-lying levels in the studied nuclei as well as the systematics of the B(E2) transition rates. We also discuss the individual level schemes for N = 60 isotones. The robustness of our method is addressed by studying specifically the sensitivity of the results to variations on key parameters. Finally, Sec. IV is devoted to the concluding remarks.
II. THEORETICAL FRAMEWORK

A. Constrained SCMF calculations
As already mentioned above, the first step in our calculations is to obtain the deformation energy surfaces for the considered nuclei. To this end, we have performed constrained Hartree-Fock-Bogoliubov (HFB) calculations based on the Gogny-D1M EDF. We have resorted to constrains on theQ 20 andQ 22 operators [44, 50] . The quadrupole moment is then defined as Q = √ Q 20 + Q 22 . We then consider the deformation parameters β = 4π/5Q/ r 2 and γ = tan −1 Q 22 /Q 20 . In the definition of β the mean-square radius r 2 is evaluated with the corresponding HFB state. For more details on the constrained Gogny-HFB framework the reader is referred, for example, to Ref. [44] . In what follows, we will refer to the total mean-field energy as a function of the (β, γ) parameters as the deformation energy surface.
B. IBM with configuration mixing
In order to compute the excitation spectra and transition rates, we use the method of Ref. [29] in which the parameters of the IBM Hamiltonian are determined by mapping the deformation energy surface provided by the constrained Gogny-D1M SCMF calculations onto the expectation value of the IBM Hamiltonian computed the boson condensate (intrinsic) wave function [51] . The resulting IBM Hamiltonian is then used to calculate spectroscopic properties for the studied nuclei. We have considered the proton-neutron IBM (denoted IBM-2) [52, 53] as it represents a more realistic approach, able to treat both the proton and neutron degrees of freedom. The building blocks of the IBM-2 model are the correlated monopole 0 + (S π and S ν ) and quadrupole 2 + (D π and D ν ) pairs of valence protons (π) and neutrons (ν). The S π (S ν ) and D π (D ν ) pairs are associated with the proton (neutron) s π (s ν ) and d π (d ν ) bosons, which have spin and parity J π = 0 + and 2 + , respectively [53] . The number of proton (N π ) and neutron (N ν ) bosons is equal to half the number of valence protons and neutrons [52, 53] . The bosonic model space comprises the neutron major shell N = 50 − 82 and the proton Z = 40 − 50 shell for Ru, Mo and Zr isotopes and Z = 28 − 40 in the case of Sr isotopes. Therefore, 2 ≤ N ν ≤ 8 for the studied nuclei while N π = 0 (Zr), 1 (Sr and Mo) and 2 (Ru).
As will be shown, for many of the nuclei in the selected sample, the Gogny-D1M energy surface exhibits up to three mean-field minima close in energy to each other. Accordingly, the bosonic model space should be extended so as to take into account those configurations. In a mean-field picture, the different mean-field minima are associated with 2n-particle-2n-hole (n = 0, 1, 2) intruder excitations across the closed shell. To incorporate the intruder configurations, we follow the method of Duval and Barrett [54] which associates the different SM-like spaces of 0p − 0h, 2p − 2h, 4p − 4h, . . . excitations with the corresponding boson spaces comprising N B , N B + 2, N B +4, . . . bosons, where N B (= N ν +N π ) denotes the total number of bosons. The different boson subspaces are allowed to mix by introducing an additional interaction. Under the assumption of Duval and Barrett, particles and holes are not distinguished. Then, as the excitation of one pair (boson) increases the boson number by 2, the configurations for the 2np − 2nh excitations differ from each other in boson number by 2. In the following, we assume only the proton ph excitations across the sub-shell closure Z = 40, which is equivalent to the excitation from the proton pf shell to the 1g 9/2 orbital. The Hilbert space for the configuration mixing IBM-2 model is then defined as the direct sum of each "unperturbed" configuration space, i.e., (1) where [N ν ⊗ (N π + 2n)] (n = 0, 1 and 2) denotes the configuration space for the unperturbed IBM-2 Hamiltonian for the 2np − 2nh proton excitations, comprising N ν neutron and N π +2n proton bosons. In the following, the unperturbed space [N ν ⊗ (N π + 2n)] is simply denoted as [n] (n = 0, 1 and 2), and we refer to the IBM-2 simply as IBM, unless otherwise specified.
The HamiltonianĤ B for the system is then expressed in terms of up to three unperturbed IBM Hamiltonianŝ H n (n = 0, 1 and 2) differing in boson number by 2 and in terms ofĤ mix n,n+1 that mix different boson subspaces:
where ∆ 1 and ∆ 2 represent the energies required to excite one and two bosons across the inert core. For the unperturbed HamiltonianĤ n (n = 0, 1 and 2) we have taken the form
where the first termn d =n dν +n dπ , withn dρ = d † ρ ·d ρ (ρ = ν, π), represents the d-boson number operator. On the other hand,Q =Q ν +Q π is the quadrupole operator
, where L denotes the total angular momentum in the boson system.
The mixing interaction readŝ
where ω s,n and ω d,n are strength parameters, assumed to be equal ω s,n = ω d,n = ω n , for simplicity. Note that there is no direct coupling between the [n = 0] and [n = 2] spaces with the two-body nuclear interactions. The unperturbed HamiltonianĤ n in Eq. (3) takes the simplest form of the sd-IBM-2 Hamiltonian used for describing low-energy quadrupole collective states. It is only composed ofn d andQ ν ·Q π terms [29, 53, 55] . The addition of the like neutron boson termQ ν ·Q ν in Eq. (3) is due to the fact that, in the present study, N π = 0 for the normal (or 0p − 0h) configuration of the Zr isotopes and without this term the SCMF minimum could not be reproduced. We also include the interaction term between like proton bosonsQ π ·Q π and, to reduce the number of parameters, assume the F -spin [52, 56] invariant form for the quadrupole operatorQ =Q ν +Q π . On the other hand, the three-boson term is required to describe a triaxial minimum. We only consider the interaction between proton and neutron bosons with L = 3. The specific choice of the three-boson term is due to the relevance of the proton-neutron interactions in mediummass and heavy nuclei, and that only the L = 3 term gives rise to a stable triaxial minimum at γ ≈ 30
• [33] . For those nuclei where the configuration mixing is taken into account, the strength parameter κ is taken to be equal to that of the quadrupole-quadrupole term, i.e., κ = κ. For the nuclei where the configuration mixing is not considered, κ is taken as an independent parameter.
To look at the geometrical feature of the configurationmixing IBM HamiltonianĤ B , we introduce the following boson intrinsic state |Φ B (β, γ) , extended to the space
The coherent state for each unperturbed space |Φ B (n, β, γ) (n = 0, 1 and 2) reads
with N π,n ≡ N π + 2n and
. (7) β ρ and γ ρ are the quadrupole deformation parameters analogous to those in the collective model [57] . They are assumed to be the same between protons and neutrons, i.e., β ν = β π ≡ β B and γ ν = γ π ≡ γ B . The bosonic deformation parameters β B and γ B could be related to those in the collective model in such a way that β B ∝ β and γ B = γ [51] . The expectation value of the total HamiltonianĤ B in the coherent state |Φ B (β, γ) leads to consider the 3 × 3 matrix [58] :
where the diagonal and off-diagonal elements represent the expectation values of the unperturbed Hamiltonians and the mixing interactions, respectively. The three eigenvalues of E correspond to specific energy surfaces depending on the values of the parameters and it is customary to take the lowest-energy one [58] as the IBM deformation energy at each deformation (β, γ). The analytical expression of the diagonal matrix element E n (β, γ) (n = 0, 1 and 2) is given as
where
and that of the non-diagonal matrix element Ω n,n+1 (β) (n = 0 and 1) as
In both Eq. (9) and (11) β B,n denotes the bosonic deformation parameter in each unperturbed space [n], and is connected to the β deformation parameter of the SCMF model through the relation β B,n = C n β. The constant C n is also determined from the energy-surface fitting procedure by requiring that the position of the minimum for each unperturbed configuration is reproduced. The formulas in Eqs. (9) and (11) are the same as those found in Ref. [36] except for the fact that, in the present study, the expectation value of the like-particleQ ρ ·Q ρ term is also included while that of the rotationalL ·L term is not included.
C. The mapping procedure
All together the model has 22 parameters that have to be fixed. This represents too much freedom and therefore some of the parameters have been kept fixed to simplify the calculation. The fitting protocol used is the following (i) Each unperturbed Hamiltonian is determined by using the procedure of Refs. [29, 31] : each diagonal matrix element E n in Eq. (8) is fitted to the corresponding mean-field minimum. The normal [n = 0] configuration is assigned to the mean-field minimum with the smallest deformation [59] . On the other hand the [n = 1] ([n = 2]) configuration corresponds to the minimum with the second (third) smallest deformation. In this way, each unperturbed Hamiltonian is determined independently.
(ii) We then extract the energy offsets ∆ 1 and ∆ 2 so that the energy difference between the two neighboring minima on the Gogny-D1M energy surface is reproduced.
(iii) Finally, what is left is to introduce the mixing interactionsĤ mix n,n+1 and determine the ω strengths. They could be determined so as to reproduce the topology of the barriers between the minima Refs. [35, 36] . However, in this work we have assumed, for the sake of simplicity, a constant strength ω = 0.1 MeV for bothĤ
terms, in order to keep the mixing interactions perturbative.
Once its parameters are determined, the Hamiltonian
space using the boson m-scheme [60] . The resulting wave function is then used to compute the electromagnetic E2 transition rates. The E2 transition operator is given aŝ
where e B,n andQ n are the effective charge and quadrupole operator for the configuration [n], respectively. For simplicity, the effective charges are assumed to be the same for the three configurations, i.e., e B,n=0 = e B,n=1 = e B,n=2 . They are fitted to reproduce the available experimental B(E2; 2
values for the N = 66 Ru, Mo and Zr nuclei while for the Sr isotopes they are fitted to reproduce the experimental B(E2; 2
100 Sr.
III. RESULTS AND DISCUSSION
A. The Gogny-D1M energy surfaces
In this section, we discuss the results of our SCMF calculations. In Figs. 1 and 2 we have depicted the deformation energy surfaces, obtained within the constrained Gogny-D1M EDF framework, for the considered Ru, Mo, Zr and Sr even-even nuclei with neutron numbers 54 ≤ N ≤ 70.
As can be seen from Fig. 1 , the lightest of the considered Ru isotopes exhibits a weakly deformed minimum. On the other hand, for N =60 the ground state corresponds to a shallow triaxial configuration around γ = 30
• . In fact, the nucleus 104 Ru is the softest in the γ direction among all the Ru isotopes shown in the figure. Moreover, the ground state minimum remains triaxial up to N =68. For larger neutron numbers, the ground state becomes oblate though it still remains γ-soft. For the studied Ru nuclei, the mean-field energy surfaces do not display multiple minima.
In the case of the Mo isotopes, also shown in Fig. 1 , the energy surface corresponding to 96 Mo displays a nearly spherical minimum while for increasing neutron number the surfaces become γ-soft up to N =62. Previous Skyrme Hartree-Fock plus BCS calculations [5] , based on the SLy6 parameter set [61] , predicted two minima, one nearly spherical and the other triaxial, for 98 Mo. On the other hand, in our Gogny-D1M SCMF calculations no coexisting minima are found for 98 Mo, as well as for 100,102 Mo. Two minima are found in the SCMF energy surfaces from around N =62, one oblate and the other triaxial with γ around 20
• − 30
• . However, the heavier isotopes are less γ-soft with coexisting oblate and nearly spherical configurations in the case of 112 Mo. The systematics of the HFB energy surfaces, depicted in Fig. 2 for the Zr and Sr isotopes, reveals a pronounced competition between oblate and prolate configurations. In the case of Zr nuclei, the oblate minimum remains the ground state up to 100 Zr. The two mean-field minima found for N = 62 and 64 are quite close in energy whereas the global minimum is still found on the oblate side. For N ≥ 66, the prolate minimum becomes less pronounced. For the Sr isotopes, a clear prolate minimum is found for N =60, 62 and 64. The energy surfaces obtained for 104,106 Sr display two almost degenerate minima while the oblate one becomes more pronounced for 108 Sr. The previous results agree well with the ones obtained with the Gogny-D1S EDF [12, 62] . For N ≈ 60 isotones, the constrained Hartree-Fock plus BCS calculations, based on the Skyrme SLy4 [63] parameter set, predicted a trend similar to ours, i.e., an oblate-toprolate shape transition between N =58 and 60. A more gradual transition has been found within the relativistic mean-field framework based on the PC-PK1 parametrization and a density dependent pairing [14] . For both Zr and Sr nuclei, an oblate (prolate) ground state minimum has been found for N =58 (N =60) in the framework of the Nilsson-Strutinsky method with a deformed WoodsSaxon potential and monopole pairing [20] .
B. Choice of the IBM configuration spaces
We have performed the configuration mixing calculations in many of the nuclei considered, where multiple mean-field minima have been observed in the corresponding Gogny-D1M energy surfaces. The criterion for choosing configuration spaces is whether a mean-field minimum is clear (or deep) enough to constrain the corresponding unperturbed Hamiltonian. Using this criterion, configuration mixing calculations have been carried out for heavier Mo nuclei and most of the Zr and Sr nuclei. However, such calculations have not been carried out for all the Ru isotopes and the lightest nuclei in other isotopic chains, since the microscopic Gogny-D1M energy surfaces only show one clear minimum (see Figs. 1 and  2 ).
For the sake of clarity, in what follows we summarize the configuration spaces for the nuclei considered in this work.
• Ru: normal [N ν ⊗ (N π = 2)] configuration for all isotopes.
• [
98−110 Zr.
•
In Fig. 3 Similar to the SCMF case, one observes for the Ru nuclei, shown in Fig. 4 , an evolution of the ground state deformation from nearly spherical to triaxial for 104 Ru. The absolute minimum of the IBM surfaces becomes oblate for larger neutron numbers. The mapped surfaces obtained for Mo isotopes exhibit sharper minima than the ones found at the mean-field level. Moreover, for the neutron number N ≥ 66 the mapped IBM surface is less γ-soft than the mean-field one. The IBM surfaces for Zr and Sr nuclei in Fig. 5 also reproduce the overall HFB trend as a function of the neutron number. In particular, they account for the onset of the strongly-deformed prolate shape around N = 60 as well as a pronounced competition between the prolate and oblate minima for 60 ≤ N ≤ 64 in the case of Zr and 58 ≤ N ≤ 70 for Sr nuclei.
As can be seen, the mapped energy surfaces reproduce the basic features of the mean-field ones. However, some discrepancies remain as the topology of the SCMF energy surfaces is richer than the IBM one. In particular, the mapped IBM surfaces tend to become flat in the region far from the minimum. There are essentially two reasons for this behavior: first, the analytical expres- sions of Eqs. (9) and (11) are too restricted to reproduce every detail of the original HFB energy surfaces and second, that the number and/or kind of bosons are rather limited within our IBM framework. One also observes substantial differences in the barriers between the different minima. This is partly due to the adopted mixing strength value ω = 0.1 MeV that may not be a proper choice for fully reproducing the barriers. The employed value ω = 0.1 MeV is a guess based on our experience from previous calculations [35, 36] . However, as will be shown later, it leads to a reasonable description of spectroscopic properties. In order to fully reproduce the barriers, a much larger ω value would be necessary. However, the larger ω value implies the stronger level repulsion between the states and the model description would become unrealistically worse. For this reason, and since we are rather interested in describing an overall systematic trend of the spectroscopic properties, we have tried not to reproduce full details of the barriers and used a realistic mixing strength ω = 0.1 MeV. Once the parameters of the Hamiltonian in Eq. (2) have been fixed by the mapping procedure described in Sec. II, spectroscopic calculations are carried out to obtain excitation energies and transition probabilities. In panels (a) and (b) of Fig. 6 , we have plotted the parameter for Ru and Mo nuclei, respectively. For most of the nuclei only a single configuration has been used in the calculations. As can be seen, decreases gradually towards the middle of the major shell. For the Mo isotopes, the value of for the normal configuration exhibits a jump between N = 64 and N = 66. This is so because the structure of the unperturbed Hamiltonian for the normal configuration changes from N = 64 to 66: the normal configuration is associated with the oblate Fig. 7(a-d) , exhibits a gradual decrease towards the mid-shell for all configurations which is consistent, with the general mass-number dependence of this parameter (9) and (10), one sees that the γ dependence of the unperturbed Hamiltonian is associated with the two terms proportional to −κ(N ν χ ν + N π χ π ) cos 3γ in the quadrupole-quadrupole interactionQ ·Q and −κ sin 2 3γ in the three-boson term. Since theQ ·Q is attractive (κ < 0) then the minimum turns out to be pro- The offset energies ∆ 1 and ∆ 2 used in our configuration mixing calculations are shown in Fig. 10 . They are of the order of a few MeV. This is consistent with the results of previous studies [35, 36] in different regions of the nuclear chart. However, we have chosen ∆ 2 = 0 for the Sr isotopes with 60 ≤ N ≤ 68 (see, panel (c)), due to the peculiar topology of the corresponding HFB surfaces.
E. Evolution of low-lying levels
The energies of some low-lying yrast and non-yrast states in 98 Figs. 11 and 12 as functions of the neutron number N . The energies of the yrast states decrease towards N = 66 corresponding to mid-shell. They remain quite low for heavier Zr and Sr nuclei, reflecting a pronounced collectivity. Experimentally, an abrupt change is observed in going from N = 58 to 60 in the Zr and Sr chains. Although our calculations account reasonably well for the experimental trend in the low-energy yrast states, in particular for the heavier (N ≥ 60) isotopes, several deviations are also found:
• The energy levels near the neutron shell closure N = 50 are overestimated. This is due to the fact that the IBM model space, comprising only a finite number of s and d bosons, is not large enough to describe the energy levels near the closed shell.
• For Zr isotopes, the present calculation predicts that the yrast states change from N = 58 to 60 gradually, whereas a much more drastic change is observed experimentally. This indicates that, in the present model calculation, these yrast states are rather similar in structure between the 98 Zr and 100 Zr nuclei. In both nuclei, the yrast states are mainly composed of the oblate [n = 1] configuration. Note, that the topology of the Gogny-D1M energy surface around this oblate minimum is rather similar for the two nuclei.
• In the case of the Zr isotopes, the experimental high-lying yrast levels at N = 56 suggest the presence of a sub-shell closure. In our calculations, however, such a feature is not reproduced. This is not surprising, since the present IBM model space does not consider N = 56 to be a shell closure and, as a consequence, the energy levels change rather gradually from N = 54 to 56, as already found in previous IBM calculations [11] .
From the systematics of the non-yrast states depicted in Fig. 12 , one sees a typical γ-band sequence 2 + , 3 + , 4 + , 5 + , . . .. The deviation with respect to the experimental data near N = 50 could also be due to the limited number and/or types of bosons taken into account in our calculations. For both the Ru and Mo nuclei, the excitation energy of the 0 + 2 state is generally overestimated as the intruder configuration is not considered in many of these nuclei, since the Gogny-HFB energy surface does not exhibit coexisting minima (see Fig. 1 ). The 0 for the N = 62 and 64 Mo nuclei is mostly coming from the γ-soft minimum on the prolate side close in energy to the oblate global minimum (see Fig. 4 ) and is, consequently, notably low compared with other Mo nuclei.
For the nucleus 98 Mo, already described using configuration mixing IBM calculations in Refs [5, 39] , we have obtained a pronounced deviation of the 0 + 2 excitation energy with respect to the experimental value. Note that, at variance with previous results [5] , our calculations on the deformation energy surfaces with the Gogny-D1M EDF (see, Fig. 1 ) predict a single minimum around β ≈ 0.15 (see, Fig. 1 ). The structure of the Zr and Sr isotopes is characterized by very low-lying excited 0 + states. In our calculations, the excited 0 + states are mainly dominated by the intruder configurations and their energies are similar to the energy difference between different mean-field minima. Our results suggest that for the Zr and Sr isotopes the 0 + 2 excitation energy decreases from N = 58 to N = 60. This reflects the fact that in the mean-field calculations the second prolate minimum appears from N = 60. On the other hand, the experimental 0 + 2 excitation energy increases from N = 60 to 62 while in our calculations it remains low. Fig. 14) while ours increases gradually due to the fact that in the considered IBM model space the N = 56 sub-shell closure is not taken into account.
The Fig. 16 . Near the vibrational limit, the value is comparable in magnitude to the B(E2; 2 + 1 → 0 + 1 ) one. However, it becomes small in the deformed limit where such a transition is not allowed. Within this context, a vibrationallike behavior is suggested for the lighter Ru isotopes for which the deformation of the minimum in the corresponding mean-field energy surfaces is small. For heavier isotopes, this transition becomes small as the deformation becomes stronger.
For Mo isotopes, the quite large experimental B(E2; 0 + 2 → 2 + 1 ) value of 1400 ±200 W.u. [5] (not shown in Fig. 16(b) ) suggests a large mixing between the different intrinsic structures while the theoretical value is much smaller. The reason for the discrepancy is that for the lighter Mo nuclei configuration mixing is not taken into account in our calculations. A similar observation applies to Zr and Sr isotopes. For the former, the coupling between the 0 + 2 and 2 + 1 states is probably not strong enough to reproduce the experimental data while for the latter the trend is reasonably well described.
H. Detailed comparison of low-energy spectra
So far, we have discussed some key observables as functions of the neutron number. In this section, by means of the comparison with the available experimental data, we demonstrate that the mapping procedure is also able to describe the detailed band structure and decay patterns for the N = 60 isotones 104 Ru, 100 Zr and 98 Sr. To this end, the energy levels have been classified into bands according to their dominant E2 decay patterns. The level scheme for 102 Mo is strikingly similar to the one for 104 Ru and is not discussed in what follows.
1.
104 Ru
The level scheme shown in Fig. 17 for 104 Ru corresponds to a typical γ-soft spectra. The 2 + 2 is rather constant. Like for other Ru isotopes, the quasi-γ spectra obtained for 104 Ru suggests that this system is somewhat in between the rigid-triaxial [65] and the γ-unstable [66] limits. Let us remark that the quasi-γ band systematics can only be reproduced by including the three-boson term in the IBM Hamiltonian [33] . The previous results compare well with the ones obtained using the 5D collective Hamiltonian approach, based on the deformed Nilsson potential and the Strutinsky's shell correction [67] . 
2.
100 Zr
Experimentally the nucleus 100 Zr, shown in Fig. 18 , is characterized by the 0 Our calculations predict a third-lowest band based on the 2 + 3 state, which resembles a quasi-γ band but shows the level structure of the rigid-triaxial rotor [65] . The band built on the 0 + 3 state is also overestimated, again due to strong level repulsion between the 0 + states.
3.
98 Sr Figure 19 depicts the level scheme for the nucleus 98 Sr. The fractions of the near-spherical [n = 0], oblate [n = 1] and prolate [n = 2] configurations introduced for this nucleus are given in Table I . Though the level scheme is somewhat similar to the one obtained for 100 Zr, the agreement with the experiment is better. From Table I 2 ) value. Let us mention that the quality of the agreement between our results and the experimental data is similar to the one obtained recently using the 5D collective Hamiltonian approach based on the Gogny-D1S EDF [7] .
I. Sensitivity tests
As pointed out in previous sections, there are two major factors which could affect the description of the energy spectra, especially, those of the excited 0 + states: one is the choice of the particular version of the EDF, and the other is the choice of the mixing interaction strength ω. In this subsection, we check the sensitivity of our results to these two factors.
First there are notable differences, especially, in the energies of prolate and oblate minima and in the γ softness.
Regarding the 100 Zr and 98 Sr nuclei, we compare in Fig. 22 the energy spectra obtained with the parameters deduced from the D1S and D1M energy surfaces. In Fig. 22 , the results based on the D1S interaction suggest that, in both 100 Zr and 98 Sr, the energy levels for the yrast states, which are mainly composed of the oblate global minimum (see also, Fig. 13 ), are more compressed than those based on the D1M interaction. The excitation energies of the non-yrast states, e.g., the 0 the non-yrast (0 + 2 and 2 + 2 ) states are more sensitive to ω. For 98,100 Zr, the chosen value ω = 0.1 MeV seems to be too large to explain the experimental 0 + 2 level energies of 854 keV and 331 keV, respectively [64] . For 102 Zr, on the other hand, much larger value of the strength ω could be required to account for the experimental 0 
IV. CONCLUDING REMARKS
In this work, we have studied the shape evolution and coexistence in the neutron-rich nuclei 98−114 Ru, 96−112 Mo, 94−110 Zr and 92−108 Sr. We have resorted to the SCMF-to-IBM mapping procedure based on the Gogny-D1M EDF. The IBM parameters derived from such a procedure have been used to compute the spectroscopic properties of the considered nuclei. In order to keep our analysis as simple as possible several approximations have been made. Our method describes reasonably well the evolution of the low-lying yrast and non-yrast states. Our results for Ru and Mo nuclei suggest many γ-soft examples while some vivid examples of coexistence between strongly deformed prolate and weakly deformed oblate shapes have been found for the Zr and Sr nuclei.
Our calculations describe well the rapid structural change between N = 58 and 60 in Zr and Sr nuclei. The analysis of the Gogny-D1M and mapped IBM energy surfaces as well as the wave functions of the 0 + 1 and 0 + 2 states reveals that the sudden lowering of the energy levels from N = 58 to 60 in those nuclei is the consequence of the onset of large prolate deformations. From Fig. 13 , many of the Zr and Sr nuclei from N = 60 till around the neutron mid-shell N ≈ 66 exhibit a prolate ground state while their 0 + 2 states are dominated by the oblate configuration. On the other hand, an oblate ground state is found for the heavier isotopes near N = 70.
We have also pointed out several discrepancies between our predictions and the available experimental data. In particular, for many of the considered nuclei, the 0 + 2 excited state is predicted to be too high. In Mo isotopes, for example, the 0 + 2 energy level is systematically overestimated since the mixing is not introduced in most of the isotopes. The 0 + 2 excitation energy is neither well described at N = 60 and 62 in the case of Zr and Sr chains. This discrepancy could be related to the particular version of the Gogny-EDF employed in our calculations. In the case of 98 Mo, for example, the SCMF energy surface displays only one minimum whereas previous Skyrme-HF+BCS calculations [5] have found two minima. However, a second source for the discrepancy could also be the assumptions made at the IBM level. For example, the simplified form of the unperturbed Hamiltonian and a constant mixing strength may not be realistic enough for all studied nuclei. One could also use a different boson model space. Within this context, some refinement is still required to better constrain the IBM Hamiltonian. For example, both particle and hole pairs have been mapped onto the same boson image. However, a more realistic formulation would consider a single boson Hamiltonian where both particle-like and hole-like bosons are taken into account, rather than invoking several different unperturbed Hamiltonians. Nevertheless, we stress that the considered mapping procedure allows a systematic and computationally feasible description of medium-mass and heavy nuclei with several coexisting shapes. The method can also be used to predict the spectroscopic properties of unexplored nuclei. 
